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The origin of zircon grains, and other exotic minerals of typical crustal origin, in mantle-hosted ophiolitic
chromitites are hotly debated. We report a population of zircon grains with ages ranging from Cretaceous
(99 Ma) to Neoarchean (2750 Ma), separated from massive chromitite bodies hosted in the mantle
section of the supra-subduction (SSZ)-type Mayarí-Baracoa Ophiolitic Belt in eastern Cuba. Most
analyzed zircon grains (n ¼ 20, 287  3 Ma to 2750  60 Ma) are older than the early Cretaceous age of
the ophiolite body, show negative εHf(t) (26 to 0.6) and occasional inclusions of quartz, K-feldspar,
biotite, and apatite that indicate derivation from a granitic continental crust. In contrast, 5 mainly
rounded zircon grains (297  5 Ma to 2126  27 Ma) show positive εHf(t) (þ0.7 to þ13.5) and occasional
apatite inclusions, suggesting their possible crystallization from melts derived from juvenile (mantle)
sources. Interestingly, younger zircon grains are mainly euhedral to subhedral crystals, whereas older
zircon grains are predominantly rounded grains. A comparison of the ages and Hf isotopic compositions
of the zircon grains with those of nearby exposed crustal terranes suggest that chromitite zircon grains
are similar to those reported from terranes of Mexico and northern South America. Hence, chromitite
zircon grains are interpreted as sedimentary-derived xenocrystic grains that were delivered into the
mantle wedge beneath the Greater Antilles intra-oceanic volcanic arc by metasomatic ﬂuids/melts
during subduction processes. Thus, continental crust recycling by subduction could explain all pop-
ulations of old xenocrystic zircon in Cretaceous mantle-hosted chromitites from eastern Cuba ophiolite.
We integrate the results of this study with petrological-thermomechanical modeling and existing geo-
dynamic models to propose that ancient zircon xenocrysts, with a wide spectrum of ages and Hf isotopic
compositions, can be transferred to the mantle wedge above subducting slabs by cold plumes.
 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).1. Introduction
Recent reports of inherited (i.e. xenocrystic) zircon grains found
in supra-subduction zone ophiolitic and juvenile intra-oceanic vol-
canic arc rocks, with ages and isotopic signatures similar to zircon
grains typically found in granites of the continental crust, have beenction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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within the subduction factory (e.g., Rojas-Agramonte et al., 2016 and
references therein). Similarly, old xenocrystic zircon grains bearing
both, crustal and juvenile geochemical signatures, are being
increasingly found in chromitite bodies hosted in the upper mantle
sections of ophiolitic complexes (Robinson et al., 2004, 2015;
Lönngren and Kojonen, 2005; Savelieva et al., 2006, 2007;
Yamamoto et al., 2013; Belousova et al., 2015; González-Jiménez
et al., 2015; Akbulut et al., 2016; Grifﬁn et al., 2016; Lian et al.,
2017; González-Jiménez et al., 2017a), and are also interpreted as
mineralogical evidence for the passage of crustal material through
themantle, prior to its return to the shallow lithosphericmantle. The
latter interpretation is supported by the fact that many chromitite
zircon grains are mostly rounded suggesting sedimentary transport,
resorption and overgrowths (e.g., Robinson et al., 2015). Further-
more, these xenocrystic zircon grains in chromitites hosted in the
oceanic mantle are usually accompanied by other exotic minerals of
typical continental crustal origin (e.g., quartz, K-feldspar, corundum,
kyanite, andalusite, almandine garnet, apatite, rutile, titanite) (Yang
et al., 2015; Robinson et al., 2015 and references therein).
The mechanisms for recycling of crustal material into the mantle
are varied and include both subduction or delamination and detach-
ment of continental crust (e.g., Bea et al., 2001; Stern, 2002; Gao et al.,
2004; Scholl and von Huene, 2009; Spandler and Pirard, 2013;
Yamamoto et al., 2013; Zhou et al., 2014; Robinson et al., 2015;
Rojas-Agramonte et al., 2016), which can be temporally and spatially
related to the chromitite-forming event. Furthermore, the occurrence
of diamond, moissanite and other ultra-high pressure (UHP) and
ultrareduced phases in the same chromitite bodies suggests recycling
into the deep mantle down to the transition zone (TZ) and, perhaps,
deeper (e.g., Arai, 2013;McGowanet al., 2015; Yanget al., 2015;Grifﬁn
et al., 2016). Ascent of TZ material to shallow lithospheric depths has
been related to mantle plume which rose through the TZ (Yang et al.,
2014, 2015; Xiong et al., 2015; Xu et al., 2015) or with slab roll-back
(McGowan et al., 2015; Grifﬁn et al., 2016).
On the other hand, Belousova et al. (2015) have provided an
alternative hypothesis to explain the formation of ancient crustal
zircon grains in chromitites from the Coolac serpentinite belt (New
South Wales, Australia). In this case, the crustally derived zircon
grains were physically introduced into the ophiolitic mantle chro-
mitites after their obduction by melts/ﬂuids derived from neigh-
boring granite intrusions via a microscopic melt network. In
addition, some zircon grains, with euhedral morphology and
magmatic zoning inmantle-hosted ophiolitic chromitite, have been
related to the timing of chromitite formation. The Hf and O isotope
composition of these zircon grains suggest mixing between
mantle-derived and slab (crustal component)-derived melts
(McGowan et al., 2015; Grifﬁn et al., 2016).
This new question in geoscience can be solved in scenarios
where the populations of zircon grains in both the mantle and the
corresponding overlying crust have similar ages and geochemical
signatures. Suprasubduction zone (SSZ) ophiolites are the best
candidates, as in these tectonic setting the mantle wedge above the
subduction zone and the oceanic or arc crust is generally preserved.
The island of Cuba hosts one of the largest SSZ ophiolite belts in the
world, and in its easternmost part (the so-called Mayarí-Baracoa
Ophiolitic Belt: MBOB; Fig. 1a) a portion of strongly depleted upper
mantle, which was criptically metasomatized by slab-derived ﬂuids
with sedimentary contributions, is associated with a complemen-
tary oceanic arc crust (Proenza et al., 1999; Marchesi et al., 2006,
2007). The recent discovery of crustal zircon grains in the Creta-
ceous gabbros of the MBOB (Rojas-Agramonte et al., 2016), com-
plementary to a mantle section containing chromitite bodies, offers
an unique scenario for evaluating the recycling of crustal material
in the mantle and tracking return pathways to the Earth’s surface.In the present study we used the most innovative techniques of
mineral separation (Selfrag) and concentration (Hydroseparation)
for obtain heavy minerals (including zircon grains) from several
chromite deposits of the MBOB. These deposits include the
different compositional chromite types known in ophiolites (i.e.,
high-Cr and high-Al composition) and represent different levels of
the mantle section (from relatively deep mantle to the uppermost
part of the mantle-crust transition). We present in situ SHRIMP and
LA-(MC)-ICPMS U-Pb dating and Hf isotope compositions of the
recovered zircon grains in order to constrain the age and character
of the ﬂuids/melts fromwhich they crystallized. The presence of old
xenocrystic zircon grains with both crustal and juvenile signatures
within the chromitites of the MBOB is integrated with recent
regional geochemical and petrological data and paleotectonic
models of the region to offer an explanation for the presence of old
zircon grains in the Cretaceous Caribbean oceanic mantle.2. Geological setting
The geology of eastern Cuba is dominated by oceanic units of
Early to Late Cretaceous volcanic arc sequences, theMayarí-Baracoa
ophiolitic belt, and associated Early Cretaceous high-pressure ser-
pentinite-matrix subduction mélanges (Sierra del Convento and La
Corea) and a Late Cretaceous metamorphic sole (the Güira de Jauco
Amphibolite Complex) (Iturralde-Vinent, 1996; Proenza et al., 1999,
2006; Iturralde-Vinent et al., 2006; Garcia-Casco et al., 2006, 2008a,
b; Lázaro et al., 2009, 2015; Blanco-Quintero et al., 2011a, b, c;
Fig. 1b). These units constitute tectonic nappes with a general
vergence of thrusting towards the NE and accreted in the Late
CretaceouseEarliest Palaeocene (e.g., Iturralde-Vinent, 1996;
Cobiella-Reguera, 2005; Iturralde-Vinent et al., 2006). Other lith-
otectonic associations in eastern Cuba are the Late Cretaceous HP
metasedimentary rocks of the Asunción terrane, and
MaastrichtianeDanian synorogenic deposits of La Picota and
Mícara formations (Iturralde-Vinent, 1996, Iturralde-Vinent et al.,
2006; Garcia-Casco et al., 2008a; Fig. 1b).2.1. Cuban ophiolites: the Mayarí-Baracoa ophiolitic belt (MBOB)
The Mesozoic ophiolitic bodies of Cuba (the so-called Northern
Cuban Ophiolite Belt, NCOB, in west-central Cuba; and the Mayarí-
Baracoa Ophiolite Belt, MBOB, located in eastern Cuba) form a
discontinuous belt more than 1000 km in length that constitutes
the most extensive surface exposure of oceanic lithosphere in the
circum-Caribbean region (Fig. 1a; Iturralde-Vinent, 1996; Cobiella-
Reguera, 2005; Garcia-Casco et al., 2006; Lewis et al., 2006;
Iturralde-Vinent et al., 2016). These ophiolites represent slices of
oceanic lithosphere obducted onto the North American continental
paleo-margin in Latest Cretaceous to Late Eocene time during the
collision between the leading edge of the Caribbean plate (volcanic
arc of the Caribbean) with JurassiceCretaceous passive margins of
the continental Maya block and the Bahamas platform (Iturralde-
Vinent, 1996; Garcia-Casco et al., 2008a, b).
The ophiolite assemblage of the MBOB (170 km long, 10e30 km
wide, average 3.5 km thick; Fig. 1a; Iturralde-Vinent, 1996; Proenza
et al., 1999; Marchesi et al., 2006) is highly dismembered and
constitutes a portion of MOR-like lithosphere modiﬁed in a supra-
subduction zone related to the intra-oceanic Greater Antilles arc,
developed during the Lower-Upper Cretaceous (Proenza et al.,
1999). The MBOB hosts sections of mantle tectonite harzburgite,
Moho transition zone (MTZ), layered gabbros and maﬁc volcanic
rocks (Proenza et al., 1999; Lewis et al., 2006; Marchesi et al., 2006;
Iturralde-Vinent et al., 2016). Major fault zones separate the MBOB
into two individual thrust-bounded blocks (“massif”), namely the
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Figure 1. (a) Geographic location of massifs constituting the Northern Cuban Ophiolite Belt; red box indicates the Mayarí-Baracoa Ophiolitic Belt (MBOB) in eastern Cuba. (b)
Geological map of the MBOB (Pushcharovsky, 1988) with location of studied chromitite samples. Schematic lithostratigraphic columns of Sagua de Tánamo (c) and Moa-Baracoa (d)
areas with location of studied chromitites.
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the east (Fig. 1b).
2.1.1. The Mayarí-Cristal massif
The Mayarí-Cristal massif is made up mainly of highly serpen-
tinized harzburgite tectonite (>5 km thick) hosting subconcordant
and discordant dunite bodies that often enclose chromitite bodies
(Fig. 1b and c). The peridotites are locally cut by several generations
of websterite and gabbroic dykes of IAT afﬁnity (Marchesi et al.,
2006). The easternmost part of the massif (Sagua de Tánamo re-
gion; Fig. 1) is composed of highly serpentinized mantle tectonites
(dunite and harzburgite), which are tectonically emplaced onto the
Turonian to Early Coniacioan forearc-related volcanic rocks of the
Teìneme Formation and the MaastrichtianeDanian olistostromic
synorogenic rocks of Micara and La Picota formations (Fig. 1b)
(Proenza et al., 2006; Iturralde-Vinent et al., 2006; Marchesi et al.,
2006, 2007). Basaltic rocks of the Teìneme Fm. are low-Ti island-arc
tholeiites with boninitic afﬁnity, and have been interpreted as
formed in a fore-arc environment during the early stages of sub-
duction (Proenza et al., 2006).
2.1.2. The Moa-Baracoa massif
The Moa-Baracoa is made up of a w2.2 km thick section of
mantle-tectonite harzburgite with subordinate dunite and a MTZcrosscut by gabbroic dikes (locally pegmatitic) associated with
layered and isotropic gabbro sequence (w500 m thick; Fig. 1b, d).
Peridotites and layered and isotropic gabbros of the Moa-Baracoa
massif are in tectonic contact with pillow basalts of the Turonian-
Coniacian Morel Formation (88e91 Ma; Iturralde-Vinent et al.,
2006) with a back-arc geochemical afﬁnity (Proenza et al., 2006;
Marchesi et al., 2007). Marchesi et al. (2006) showed that cumu-
late gabbros from this massif and Morel back-arc volcanics show
similar geochemical afﬁnities and proposed a genetic link. In gen-
eral, a forearc setting is suggested for the formation of the Mayarí-
Cristal Ophiolite Massif, whereas the Moa-Baracoa Ophiolite Massif
was formed in a backarc environment (Gervilla et al., 2005; Proenza
et al., 2006; Blanco-Quintero et al., 2011b; Lázaro et al., 2015).
2.2. The chromite deposits
More than 250 chromite deposits and occurrences have been
described in the MBOB (Proenza et al., 1999, 2001a; Gervilla et al.,
2005; González-Jiménez et al., 2011). Proenza et al. (1999) group-
ed these chromitite bodies into three mining districts according to
the composition of chromite, from west to east: Mayarí, Sagua de
Tánamo and Moa-Baracoa (Fig. 1).
The Mayarí district is located in the western part of the Mayarí-
Cristal massif and includes small to medium-sized high-Cr
J.A. Proenza et al. / Geoscience Frontiers 9 (2018) 1921e19361924chromitite bodies (Cr#¼ Cr/[Crþ Al]¼ 0.70e0.83; TiO2< 0.2 wt.%;
Proenza et al., 1999; Gervilla et al., 2005). These are pod-shaped and
are located deep in the mantle section of the massif, and exhibit
dunite envelopes of variable thickness. They are concordant to the
high-temperature foliation of the enclosing peridotite. Dykes and
veins of pyroxenites (mainly websterites) often crosscut these
chromitite bodies.
Both high-Cr and high-Al chromitite varieties (Cr# ¼ 0.450.74;
TiO2 ¼ 0.10.3 wt.%) occur interspersed within the small district of
Sagua de Tánamo in the easternmost part of the Mayarí-Cristal
Massif (Proenza et al., 1999; Gervilla et al., 2005; González-Jiménez
et al., 2011). Chromitite bodies are small and variable in size
(30e40 m long, 10e20 m wide, 1e3 m thick) and have tabular to
lenticular shapes. These chromitites are also enclosed in serpenti-
nized dunite pods widespread within the upper-mantle harzbur-
gite and are both concordant and discordant to the foliation of the
host peridotite (Fig. 1c). However, some chromitite bodies host
concordant lenses and cross-cutting dykes of ﬁne to coarse-grained
amphibole-bearing gabbro.
The Moa-Baracoa district comprises the whole Moa-Baracoa
massif and contains bodies of high-Al chromitite
(Cr# ¼ 0.41e0.54) and variable TiO2 (0.05e0.52 wt.%). These
chromitites have tabular to lenticular shapes, show variably thick
dunite envelopes, and are concordant to the foliation of the host
peridotite. Proenza et al. (1999, 2001a) showed that chromitite
invaded and replaced a ﬁrst generation of gabbro sills in dunite,
whereas a second generation of gabbroic dykes crosscut them
(Fig. 1d).
Calculated melts in equilibriumwith the Al-rich chromitites are
close to the composition of back-arc basin basalts (BABB), whereas
the melts in equilibrium with the Cr-rich chromitites are of
magnesian andesitic or boninitic afﬁnity (Proenza et al., 1999;
Gervilla et al., 2005; González-Jiménez et al., 2011). This coexis-
tence of high-Cr and high-Al chromitites related to contrasted
magmatic liquids reﬂects the spatial distribution of intrusions of
arc-related mantle-derived magmas (boninites, IAT and BABB) in a
long-lasting mantle wedge of the northern Caribbean supra-
subduction zone.
3. Sampling and analytical methods
3.1. Chromitite samples
Zircon grains analyzed in this study were separated from three
different chromite deposits, namely the high-Cr chromite deposit
of Caridad hosted in the deeper upper- mantle tectonite of the
Sagua de Tánamo district in the easternmost part of Mayarí-Cristal
massif; and from the high-Al chromite deposits of Mercedita and
Potosí located in the MTZ exposed in the Moa-Baracoa massif
(Fig. 1; Proenza et al., 1999; González-Jiménez et al., 2011).
The chromite deposit of Caridad is a small body (up to 5 m thick
and up to 10 m long) that occurs within a dunite lens lying
concordantly in the tectonite mantle harzburgite (Figs. 1b, c and
2a). Massive-textured ore is the most common type, but dissemi-
nated and banded-textured ore occurs towards the external parts of
the body (Proenza et al., 1999; Gervilla et al., 2005; González-
Jiménez et al., 2011). Zircon grains were extracted from massive
chromitite bands (Caridad sample; Fig. 2a) which are almost
entirely composed of unaltered Cr-rich chromite (Cr# ¼ 0.7) and
minor olivine grains partially replaced by serpentine and minor
clinochlore.
The Mercedita deposit is located in the southernmost part of the
Moa-Baracoa massif (Fig. 1b) and is the largest ophiolitic chromite
deposit in the Americas. The largest body has a lateral extension of
600 m, a width of 250 m, and a thickness of up to 20 m (Proenza etal., 1998, 1999). The chromitite is enclosed in a dunite envelope of
variable width (some centimeters to several meters), which is
hosted in harzburgite of the MTZ around 250 m below the layered
gabbro unit (Figs. 1d and 2b). The chromite ore is concordant with
the main structure of the enclosing peridotite and often enclose
gabbro bodies (sills). The zircon-bearing sample studied here is a
massive chromitite (Mercedita sample; Fig. 2b) made up by 95% of
unaltered high-Al chromite (Cr#¼ 0.47) with accessory olivine, and
secondary serpentine and clinochlore.
The Potosí chromite deposit is located in the Moa-Baracoa
massif (Fig. 1b) and occurs in dunite bodies within the MTZ,
around 800m below the layered gabbro unit (Fig. 1d; Proenza et al.,
2001a). The ore deposit has a lateral extension about 220m and 8 to
25 mwide. Chromitites are found in lenses with extremely variable
size and irregular shapes, from tabular to lenticular. Proenza et al.
(2001a) showed that these chromite bodies are intruded by
pegmatitic gabbroic dikes (Fig. 2c), representing a late episode of
intrusion of basaltic magma. The intrusion of the pegmatitic gabbro
followed the direction of pull-apart fractures in the chromitites,
which give rise to brecciated chromite ores made up of massive
chromitite blocks embedded in a matrix of olivine-rich norite
(Proenza et al., 2001a, b). Zircon grains were extracted from this
type of chromite ore (Potosí sample, a breccia-textured chromitite
with Cr# ¼ 0.5; Fig. 2c).
3.2. Zircon separation and concentration
Zircon grains were recovered from massive chromitite samples
using two different methods. A set of 5 zircon grains was recovered
from the Caridad chromitite using the high-voltage electric pulsed
SelFrag rock disaggregation facility at the Geochemical Analysis
Unit, CCFS (GEMOC, Australia). A total of 2 kg of chromitite was
split into samples of 200e300 g in successive cycles and the whole
system was cleaned with water between each cycle to avoid any
possible contamination. The split sample was sieved to a
fraction < 210 mm and the sieved material was spread in metallic
trays and oven-dried at 80 C. The dried material was processed by
several cycles of magnetic separation with increasing magnetic
ﬁeld using a Frantz electro-magnetic separator. Finally, zircon
grains were hand-picked under a Leica UVmicroscope, mounted in
25 mm epoxy resin discs and polished.
Another set of 21 zircon grains was obtained after processing 2.7
and 0.5 kg of chromitite from the Mercedita (4 zircon grains) and
Potosí deposits (17 zircon grains), respectively. Chromitite samples
were crushed to a grain size<125 mmusing a RETSCH vibratory disc
mill (RS 100) equipped with an agate grinding set. A rough pre-
concentration was achieved by ultrasonic decantation followed by
a carefully performed wet sieving by hand through standard screen
series (53, 75, 106, 125 mm). The <53 mm and 53e75 mm fractions
were processed by hydroseparation, using the computer-controlled
device CNT HS 11 at the HS laboratory in Barcelona (see Aiglsperger
et al., 2015 for technical details; www.hslab-barcelona.com). The
separation process was accomplished with ascending ﬂow rates
and changing impulse regimes in two steps: (1) production of a
preliminary concentrate using a 30 cm long glass separation tube
(GST) (inner diameter 8 mm); (2) production of the ﬁnal concen-
trate using a 10 cm long GST (inner diameter 5 mm). Several
monolayer polished sections (2.5 cm) were produced from 0.2 mg
of each ﬁnal concentrate, which were later analyzed by optical and
scanning electron microscope (SEM) at the University of Barcelona.
3.3. Mineral imaging
Prior to the isotopic analyses all zircon grains were imaged by
Cathodoluminescence (CL) and/or Backscatered Electron (BSE)
Figure 2. Field sketches (a, c), vertical cross section (b) and ﬁeld photographs showing morphologies and structures of the studied chromitite deposits: Caridad, Mercedita
(modiﬁed from Proenza et al., 1998, 1999), Potosí (modiﬁed from Proenza et al., 2001a).
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zircon grains were obtained using two Scanning Electron Micro-
scopes (SEM): (1) a Zeiss EVO MA15 at the Geochemical Analysis
Unit (GAU) of the GEMOC/CCFS Centre in the Department of Earthand Planetary Sciences, Macquarie University, Sydney; and (2) an
Environmental SEMQuanta 200 FEI, XTE 325/D8395 equippedwith
an INCA Energy 250 EDS microanalysis system at the University of
Barcelona.
Table 1
Zircon U-Pb age data for the chromitites from the Mayarí-Baracoa Ophiolitic Belt, eastern Cuba.
Analysis no. Isotope ratios
207Pb/206Pb 2 s 207Pb/235U 2 s 206Pb/238U 2 s 208Pb/232Th 2 s
SHRIMP data
caridad
Zr-1 0.06392 0.00871 0.79111 0.11626 0.08976 0.00493 0.02699 0.00242
Zr-2 0.11416 0.00370 4.65272 0.27745 0.29559 0.01480 0.07062 0.01926
Zr-3 0.12691 0.00184 6.28703 0.27892 0.35931 0.01507 0.09442 0.00455
Zr-4 0.12828 0.00121 6.56759 0.28506 0.37133 0.01573 0.09922 0.00756
Zr-5 0.13243 0.00275 6.65594 0.31937 0.36452 0.01576 0.10018 0.00559
LA-(MC)-ICPMS data
Mercedita
Zr-6 0.0524 0.0031 0.3312 0.0193 0.0458 0.0014 0.01399 0.00162
Zr-7 0.0514 0.0036 0.3266 0.0221 0.0461 0.0015 0.01463 0.00142
Zr-8 0.0626 0.0087 0.4108 0.0536 0.0476 0.0028 0.08215 0.02165
Zr-9 0.0593 0.0036 0.4034 0.0243 0.0493 0.0016 0.01556 0.00171
Potosí
Zr-10 0.1445 0.0725 0.3096 0.1416 0.0155 0.0033 0.01026 0.00471
Zr-11 0.0728 0.0143 0.1859 0.0346 0.0185 0.0012 0.00866 0.00227
Zr-12C 0.0513 0.0018 0.3223 0.0113 0.0456 0.0011 0.01442 0.00072
Zr-12R 0.0520 0.0015 0.3209 0.0098 0.0447 0.0011 0.01397 0.00062
Zr-13 0.0524 0.0015 0.3315 0.0104 0.0459 0.0011 0.01472 0.00084
Zr-14 0.0461 0.0068 0.2950 0.0427 0.0465 0.0014 0.01491 0.00066
Zr-15 0.0536 0.0020 0.3442 0.0125 0.0466 0.0011 0.01579 0.00104
Zr-16 0.0534 0.0027 0.3476 0.0185 0.0472 0.0015 0.01520 0.00168
Zr-17 0.0528 0.0022 0.3448 0.0141 0.0474 0.0012 0.01508 0.00116
Zr-18 0.0528 0.0024 0.3561 0.0172 0.0490 0.0016 0.01741 0.00178
Zr-19 0.0586 0.0021 0.3991 0.0154 0.0494 0.0014 0.01636 0.00112
Zr-20C 0.0621 0.0017 0.9979 0.0291 0.1166 0.0028 0.03643 0.00188
Zr-20R 0.0623 0.0023 1.0097 0.0378 0.1175 0.0030 0.03778 0.00272
Zr-21 0.0625 0.0017 1.0081 0.0298 0.1170 0.0029 0.03586 0.00202
Zr-22 0.0705 0.0020 1.4518 0.0463 0.1495 0.0040 0.04510 0.00264
Zr-23 0.1220 0.0033 6.0456 0.1883 0.3597 0.0096 0.08606 0.00476
Zr-24 0.1263 0.0033 5.9458 0.1655 0.3415 0.0081 0.09718 0.00488
Zr-25 0.1321 0.0040 6.5554 0.2240 0.3600 0.0101 0.10444 0.00682
Zr-26C 0.1909 0.0067 14.0474 0.5292 0.5339 0.0150 0.13871 0.01134
Zr-26R 0.1547 0.0063 9.1525 0.4007 0.4291 0.0130 0.12339 0.01252
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Zircon grains were analyzed in situ for UePb and Hf isotopes,
using a LA-ICPMS and a LA-MC-ICPMS, respectively, at the
Geochemical Analysis Unit (GAU) of the GEMOC/CCFS (Sydney,
Australia). Moreover, ﬁve zircon grains with grain-sizes less than
60mmweredatedusing a SHRIMP II instrument, in the Johnde Laeter
Centre, Curtin University (Perth, Australia). The results are listed in
Tables 1 and 2. Further details of the analytical methods for isotopic
analyses and calculations (e.g. εHf, TDM) are given in Appendix 1.
4. Results
4.1. The Caridad chromite deposit
The zircon crystals are mainly stubby, vary in shape from
euhedral (equant) to broken crystals and are about 50 mm across
(Fig. 3). The cathodoluminescence (CL) images show the presence
of cloudy oscillatory zoning, in one case with signs of magmatic
resorption and overgrowth (Zr-3 in Fig. 3). The exception is grain
Zr-1, which is a broken crystal with sector zoning parallel to crystal
faces. All zircon grains are free of mineral inclusions, except grain
Zr-2 which shows a highly- luminescent euhedral core related to
monazite. Ion microprobe analyses of these zircon grains (n ¼ 5)
yield concordant Neoproterozoic ages (554  29 Ma; 2s uncer-
tainty) and mainly subconcordant Paleoproterozoic ages
(1867  58 Ma to 2130  36 Ma) (Fig. 3, Table 1 and Appendix 2).
The Neoproterozoic zircon grain shows highly unradiogenic
Hf-isotope ratios (εHf(t) ¼ 26.5) corresponding to a 2.14 Ga
depleted-mantle Hf model age (TDM), whereas the Paleoproterozoic
grains show a restricted range of Hf-isotope compositions(εHf(t)¼3.2 toþ0.9) close to that of contemporary depleted upper
mantle and TDM from 2.34 to 2.62 Ga (Fig. 3; Table 2).
4.2. The Mercedita chromite deposit
The four grains recovered from the chromitite sample are
euhedral in shape with elongated habits (Fig. 4). All zircon grains
are characterized by oscillatory zoning parallel to the external faces
of the crystal. Two zircon grains (Zr-6 and Zr-8) contain minute
inclusions of monazite (Fig. 4). In situ LA-ICP-MS analyses of the
zircon (n ¼ 4) yield concordant U-Pb early Permian and late
Carboniferous ages between 289  9 Ma and 310  10 Ma, with a
lower intercepts at 290  8 Ma (Table 1 and Appendix 2). These
Paleozoic zircon grains exhibit εHf(t) between5.57 and 3.67, and
TDM ranges from 1.07 Ga to 1.15 Ga (Fig. 4, Table 2).
4.3. The Potosí chromite deposit
The zircon crystals recovered from the Potosí chromite deposit
vary in shape from euhedral (elongated to equant) to rounded, and
in some cases have convolute or oscillatory zoning and inherited
cores overgrown by younger rims (Figs. 5e7). SEM-EDS and micro-
Raman analyses reveal that many of these zircon grains host in-
clusions of K-feldspar, quartz, biotite and apatite, and occasional
ilmenite (Figs. 6 and 7). Typical mantle minerals (olivine, ortho-
pyroxene, clinopyroxene, Cr-spinel) where not found as inclusions
in the zircon grains. There is no clear correlation between zircon
shape, presence of mineral inclusions and age, although some of
the oldest zircon grains are rounded (Figs. 6 and 7).
LA-MC-ICPMS analyses on 17 individual zircon grains yielded
three age populations (Figs. 5e7, Table 1 and Appendix 2). The two
Ages (Ma) Concentration
(ppm)
207Pb/206Pb 2 s 207Pb/235U 2 s 206Pb/238U 2 s 208Pb/232Th 2 s Used age 2 s Th U
739 288 554 29 538 48 554 29
1867 58 1669 74 1379 364 1867 58
2056 26 1979 71 1824 84 2056 26
2074 17 2036 74 1912 139 2074 17
2130 36 2004 74 1930 103 2130 36
303 130 291 15 289 9 281 32 289 9 2090 1569
261 155 287 17 290 9 294 28 290 9 203 319
693 282 349 39 300 17 1596 404 300 17 19 1038
579 129 344.1 18 310.4 10 312.1 34 310 10 780 929
2282 756 274 110 99 21 206 94 99 21 8 15
1009 374 173 30 118 8 174 46 118 8 15 47
253 80 284 8 287 6 289 14 287 6 287 344
287 66 283 8 282 6 280 12 282 6 890 729
301 68 291 8 290 8 295 16 290 8 1119 1837
0 328 263 34 293 8 299 14 293 8 833 302
353 84 300 10 294 6 317 20 294 6 330 452
345 118 303 14 297 10 305 34 297 10 527 1366
318 96 301 10 299 8 303 24 299 8 386 444
318 104 309 12 308 10 349 36 308 10 1399 4237
552 78 341 12 311 8 328 22 311 8 958 768
678 60 703 14 711 16 723 36 711 16 372 621
686 80 709 20 716 18 750 52 716 18 145 283
691 58 708 16 713 16 712 40 713 16 193 1283
941 58 911 20 898 22 892 52 898 22 440 1224
1985 50 1982 28 1981 46 1669 88 1985 50 413 381
2047 48 1968 24 1894 38 1875 90 2047 48 275 223
2126 54 2053 30 1982 48 2008 124 2126 54 764 743
2750 60 2753 36 2758 64 2625 202 2750 60 543 342
2398 72 2353 40 2302 58 2352 226 2398 72 329 1546
Table 2
Zircon Hf-isotope data for the chromitites from the Mayarí-Baracoa Ophiolitic Belt, eastern Cuba.
Analysis No. Measured Lu-Hf ratios Hfinitial εHf(t) SE TDM (Ga) TDMCrustal (Ga) Used age (Ma) 2 s
176Hf/177Hf SE 176Lu/177Hf 176Yb/177Hf
Caridad
Zr-1 0.281689 0.000052 0.000121 0.003787 0.281688 26.5 1.8 2.14 2.96 554 29
Zr-2 0.281580 0.000029 0.001030 0.033808 0.281544 1.8 1.0 2.34 2.59 1867 58
Zr-3 0.281553 0.000043 0.001443 0.041571 0.281497 0.9 1.5 2.41 2.59 2056 26
Zr-4 0.281480 0.000032 0.001204 0.036911 0.281433 1.0 1.1 2.49 2.71 2074 17
Zr-5 0.281369 0.000036 0.000891 0.024622 0.281333 3.2 1.3 2.62 2.89 2130 36
Mercedita
Zr-6 0.282495 0.000019 0.002533 0.071026 0.282481 4.30 0.67 1.12 1.46 289 9
Zr-7 0.282507 0.000024 0.001483 0.063597 0.282499 3.67 0.85 1.07 1.43 290 9
Zr-8 0.282493 0.000008 0.001156 0.042541 0.282487 4.11 0.27 1.08 1.45 300 17
Zr-9 0.282455 0.000013 0.001794 0.064364 0.282445 5.57 0.46 1.15 1.54 310 10
Potosí
Zr-10 0.283095 0.000022 0.000493 0.018789 0.283094 13.50 0.78 0.22 0.27 99 21
Zr-12C 0.282489 0.000010 0.000988 0.027823 0.282484 4.3 0.3 1.08 1.46 287 6
Zr-13 0.282516 0.000012 0.000756 0.021382 0.282512 3.2 0.4 1.04 1.40 290 8
Zr-14 0.282600 0.000011 0.002824 0.081350 0.282585 0.6 0.4 0.97 1.25 293 8
Zr-16 0.282734 0.000030 0.001740 0.049026 0.282724 4.5 1.1 0.75 0.95 297 10
Zr-17 0.282475 0.000012 0.001213 0.036942 0.282468 4.6 0.4 1.11 1.48 299 8
Zr-18 0.282516 0.000019 0.000971 0.029564 0.282510 2.9 0.7 1.04 1.39 308 10
Zr-19 0.282508 0.000017 0.000999 0.027834 0.282502 3.1 0.6 1.05 1.41 311 8
Zr-20C 0.282704 0.000024 0.001226 0.031482 0.282688 12.4 0.8 0.78 0.82 711 16
Zr-20R 0.282608 0.000024 0.000554 0.015064 0.282601 9.5 0.8 0.90 1.00 716 18
Zr-21 0.282718 0.000022 0.000064 0.002000 0.282717 13.5 0.8 0.74 0.75 713 16
Zr-22 0.281999 0.000018 0.000505 0.016019 0.281990 8.0 0.6 1.74 2.17 898 22
Zr-23 0.281294 0.000016 0.000994 0.034733 0.281257 9.3 0.6 2.73 3.13 1985 50
Zr-24 0.281400 0.000022 0.000374 0.011537 0.281385 3.3 0.8 2.55 2.83 2047 48
Zr-25 0.281461 0.000012 0.000385 0.011058 0.281445 0.7 0.4 2.47 2.66 2126 54
Zr-26C 0.281042 0.000029 0.000790 0.021452 0.281000 0.6 1.0 3.06 3.23 2750 60
Zr-26R 0.281224 0.000023 0.000219 0.005600 0.281214 1.2 0.8 2.77 2.99 2398 72
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Figure 3. CL images of Proterozoic zircon grains from the chromitites of Caridad deposit, eastern part of Mayarí-Cristal Ophiolitic Massif (Sagua de Tánamo area).
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concordant Cretaceous ages of 99  21 Ma and 118  8 Ma (2s un-
certainty), respectively (Fig. 5). LA-MC-ICPMS analysis of Zr-10
yielded a radiogenic Hf-isotope ratio (εHf(t) ¼ þ13.5) and TDM age
of 0.22 Ga. The other zircon grains yielded Permian-Carboniferous
(282  6 Ma to 311  8 Ma), Neoproterozoic (711  16 Ma to
898 22Ma), and Paleoproterozoic (1985 50Ma to 2126 54Ma)
ages (Figs. 6 and 7). One zircon (Zr-26; Fig. 7) has an inherited core of
Neoarchean age (2750  60 Ma) surrounded by a cloudy Paleo-
proterozoic (2397 72Ma) rim. In general, these zircon grains show
εHf(t) between 9 and 0.6 (TDM ¼ 0.97 to 3.06 Ga), but 4 grains
exhibit εHf(t)more radiogenic than the contemporaneous chondritic
upper mantle (Carboniferous Zr-16 ¼ þ4.5, Neoproterozoic Zr-
20 ¼ þ9.5 to þ12.4 and Zr-21 ¼ þ13.5, and Paleoproterozoic Zr-
25 ¼ þ0.7) (Figs. 6 and 7 and Table 1). Hf model ages of the zircon
grains with positive εHf(t) range from 0.74 to 2.47 Ga (Table 2).
5. Discussion
5.1. Origin of zircon grains in the eastern Cuban ophiolitic
chromitites
Zircon grains from the eastern Cuba chromitites yield a signiﬁ-
cant range in age, scattering from Cretaceous (99 Ma) toFigure 4. CL images of PermianeCarboniferous zircon grains from theNeoarchean (2750 Ma) with εHf(t) values ranging from 26.5
to þ13.5. The youngest ages (99 and 118 Ma) coincide with the
formation age of the oceanic crust of the hosting ophiolitewhile the
older zircon grains are considered to be inherited (Fig. 8). Belowwe
discuss the possible origin of these zircon grains.
5.1.1. Cretaceous zircon grains related to ophiolite formation
Two zircon grains (Zr-10 and Zr-11; Fig. 5, Table 1) from the
Potosí chromite deposit are essentially of the same age (99 and
118 Ma) as zircon grains of igneous rocks related to ophiolite for-
mation (90e125 Ma; Iturralde-Vinent, 1996; Iturralde-Vinent et al.,
2006). The ages of these zircon grains match, within uncertainty,
the U-Pb age of zircon grains from a Fe-Ti-rich gabbro intruding the
mantle peridotite section at the Moa-Baracoa ophiolitic massif
(124  1 Ma; Rojas-Agramonte et al., 2016). Cretaceous zircon
grains in the gabbro were interpreted to date the time of crystal-
lization, and therefore of ophiolite formation. The corresponding
mean εHf(t) value of þ13 in these zircon grains (Rojas-Agramonte
et al., 2016) is identical to the Cretaceous zircon of the Potosí
chromite deposit (εHf(t)¼þ13.5) suggesting that both derived from
a juvenile (mantle) source (Figs. 5 and 9). Indeed, the euhedral
morphology of the chromitite-hosted zircon and its juvenile Hf-
isotopic composition (Fig. 5) indicate a genetic link between
zircon crystallization, the host chromitite, and the overlying crustalchromitites of Mercedita deposit, Moa-Baracoa Ophiolitic Massif.
Figure 5. BSE images of Cretaceous zircon grains from the chromitites of Potosí de-
posit, Moa-Baracoa Ophiolitic Massif.
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provide a minimum age for chromitite crystallization in the mantle
just below the Moho, from melts migrating upwards to the devel-
oping oceanic crust. However, Proenza et al. (2001a) noted that the
Potosí chromitites were intruded by different pegmatitic maﬁc
dykes (Figs. 1d and 2c) that produced brecciation, partial dissolu-
tion, and recrystallization of chromitite. According to these authors,
Ti- and Zr-bearing minerals such as Mg-rich ilmenite, baddeleyite
and zirconolite were found in the contact zone between chromitite
and associated maﬁc dykes. Although not dated yet, these maﬁc
dykes also contain zircon grains as well as other HFSE-bearing
minerals, indicative of their crystallization from highly evolved
hydrated basaltic melts rich in Fe-Ti (Proenza et al., 2001a, b). This
leads us to suggest the possibility that Cretaceous zircon grains
recovered from the Potosí chromitite sample could have crystal-
lized from the intruding maﬁc melts that overprinted the chromi-
tite body instead of being co-genetic with the chromitite. In this
latter scenario, these zircon grains could be dating the timing of late
episodes of intrusion of basaltic magmas associated with ophiolite
formation. Gabbroic dikes intruding harzburgite and dunite in the
MTZ are a characteristic feature of ophiolitic complexes (e.g.,
Kelemen et al., 1997).
5.1.2. Inherited zircon grains with negative εHf(t) (continental crust
zircon grains)
Most of the recovered inherited zircon grains (20 grains) from
the three chromitite bodies have negative εHf(t) (Table 1), sug-
gesting they are derived from old continental crust and variably
contaminated upper mantle source regions. Most of these zircon
grains are of Permo-Carboniferous age (287e311 Ma; εHf(t) ¼ 5.6
to 0.6; Figs. 4 and 6). The remaining age populations include
mainly Neoproterozoic (554e898 Ma; εHf(t) ¼ 26.5 to 8.0; Zr-1
in Fig. 3 and Zr-22 in Fig. 7), Paleoproterozoic (1867e2397 Ma;
εHf(t) ¼ 9.3 to1; Figs. 3 and 7), and one Neoarchean zircon grain
(2750 Ma; εHf(t) ¼ 0.6; Zr-26 in Fig. 7). The age ranges of these
zircon grains broadly match, in terms of ages and Hf isotopic sys-
tematics, with inherited zircon grains of continental crust origin
found in the Cretaceous supra-subduction zone ophiolitic and
volcanic arc rocks of Cuba (w135e70 Ma; Rojas-Agramonte et al.,
2010, 2016; Figs. 8 and 9). This suggests that zircon grains in the
mantle-hosted chromitite and the igneous rocks of the overlying
crust probably were derived from the same crustal source. This is
consistent with the fact that many of the chromitite-hosted zircon
grains, regardless of their morphology, internal structure, age and
Hf isotopic composition, contain inclusions of crustal minerals,
such as quartz, K-feldspar, biotite and apatite (Figs. 6 and 7) and
lack inclusions of typical mantle minerals such as olivine, pyroxeneand Cr-spinel. Hence, crustally-derived zircon grains may have
been introduced into the mantle by subduction of detrital sedi-
ments deposited on the ocean ﬂoor or the trench and/or by sub-
duction erosion of sediments deposited on the fore-arc (e.g.
Yamamoto et al., 2013; Rojas-Agramonte et al., 2016). They could
have been physically transported into the mantle wedge beneath
the Greater Antilles paleo-volcanic arc by ﬂuids or melts, that likely
penetrated the mantle wedge along brittle (veins) or ductile (di-
apirs/cold plumes) structures (Castro et al., 2010; Marschall and
Schumacher, 2012; Spandler and Pirard, 2013). This interpretation
is consistent with the Pb isotopic systematics of igneous rocks from
eastern Cuba, which ﬁngerprint subducted Atlantic (North
American-derived) sediments within the subduction factory of the
Greater Antilles Paleo-arc (Marchesi et al., 2007).
We propose that pre-existing (inherited) zircon grains with
negative εHf(t), document crustal contamination of the supra-
subduction oceanic mantle. They resided in the mantle peridotite
and underwent no signiﬁcant resetting of their U-Pb ages despite
the high temperature of the mantle (Stern et al., 2010 and refer-
ences therein), before being entrained into the chromitite bodies
(Yamamoto et al., 2013).
5.1.3. Inherited zircon grains with positive εHf(t): SCLM or
continental crust zircon grains?
The eastern Cuba chromitites also contain 5 inherited zircon
grains (Potosí: Zr-16, Zr-20, Zr-21, Zr-25; Caridad: Zr-3; Figs. 3, 6
and 7 and Table 2) with positive εHf(t) (þ0.7 to þ13.5), typical of
zircon grains that crystallized from melts derived from a juvenile
(mantle) sources. In particular, two Neoproterozoic (711 and
713 Ma) zircon grains from Potosí (Zr-20 and Zr-21, Fig. 7) have a
remarkably mantle-like Hf isotope signature εHf(t) ranging
from þ12.4 to þ13.5, and mean TDM of 0.76 Ga. In principle, these
zircon grains with Hf-isotope composition, indicative of mantle-
derived melts, could be grains that originally crystallized in a
portion of ancient subcontinental lithosphere mantle (SCLM), or
grains that were incorporated into the mantle wedge of the Great
Antilles Paleo-arc by subduction of detrital sediments derived from
rocks that have crystallized from melts with juvenile sources (e.g.,
maﬁc to intermediate igneous rocks).
It is important to note that platinum-group minerals (PGM) and
base-metal sulﬁdes (BMS) in chromitite bodies of eastern Cuba give
a range of Os model ages (TMAz TRD) from 0.1 to 1.2 Ga, suggesting
the presence of different ancient depleted domains in the mantle
wedge beneath the Greater Antilles paleo-island arc (Marchesi
et al., 2011; González-Jiménez et al., 2012). These Os model ages
suggest that the protoliths of chromitite-bearing MBOB mantle
section may be derived from ancient SCLM as old as Proterozoic, as
described in ophiolites elsewhere (Peltonen et al., 2003; Shi et al.,
2007; McGowan et al., 2015).
As noted above, the Potosí chromitites contain two Neo-
proterozoic zircon grains (w700 Ma) with remarkably positive
εHf(t) (þ12.4 to þ13.5). Considering the uncertainties inherent in
model age calculations, the Hf model ages (TDM of 0.76 Ga) of these
zircon grains overlap to the Os model ages of 0.72 and 0.75 Ga
obtained by Marchesi et al. (2011) and González-Jiménez et al.
(2012) in PGM and BMS populations of Mayarí-Baracoa chromi-
tites. This age match may indicate the existence of a Proterozoic
mantle precursor (protolith), which experienced melting events
during Neoproterozoic time, in the mantle wedge beneath the
Greater Antilles paleovolcanic arc. Thus the two Proterozoic zircon
grains with εHf(t)[ 0 could provide support for the hypothesis
that residual domains of ancient SCLM as old as Proterozoic of likely
Gondwana afﬁnity were present within the Caribbean lithosphere
(Kamenov et al., 2011), and served as platform for the construction
Figure 6. BSE images of PermianeCarboniferous zircon grains from the chromitites of Potosí deposit, Moa-Baracoa Ophiolitic Massif.
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2009; O’Reilly et al., 2009; Tang et al., 2013).
However, other lines of evidence indicate that the zircon grains
with positive εHf(t) were not crystallized from the melts/ﬂuids in
the mantle: (1) the zircon grains are well-rounded grains without
overgrowths (Zr-20 and Zr-21, Fig. 7) suggesting mechanical
abrasion during sedimentary transport; (2) the common occur-
rence of Permo-Carboniferous and Neoproterozoic terranes with
similar εHf(t) values of 20 to þ15 in the margin of Proto-
Caribbean basin (e.g., Cardona et al., 2010; Kirsch et al., 2012;
Cochrane et al., 2014; Ortega-Obregón et al., 2014; Solari et al.,
2014; Fig. 9). According to these observations, subduction of
detrital material might account for the presence of inherited
zircon grains with positive εHf(t). Zircon grains from continental
crust can also have juvenile Hf isotope signatures (e.g., zircon
grains from I-type relatively maﬁc granitoids such as tonalite and
granodiorite). These zircon grains survived melting of recycled
continental crust (e.g. Rojas-Agramonte et al., 2016) in a single
process (cycle) of erosion, deposition, subduction and transfer into
the mantle.
We favor the idea that inherited zircon grains with positive εHf(t)
were incorporated into themantlewedge either after subduction ofdetrital sediments or from remnants of ancient SCLM (Gondwana-
derived) left behind during the fragmentation of Pangea at the
oceanic Proto-Caribbean lithospheric mantle.
5.2. Comparison with ancient xenocrystic zircon grains from other
mantle-hosted ophiolitic chromitites
Dated zircon grains interpreted as xenocrysts have been re-
ported from mantle-hosted chromitites of the RayeIz ophiolite
(Polar Urals, Russia; Savelieva et al., 2007; Robinson et al., 2015),
Luobusa ophiolite (southern, Tibet; Yamamoto et al., 2013;
Robinson et al., 2015), Dongqiao ophiolites (central Tibet;
Robinson et al., 2015), Oman ophiolite (Robinson et al., 2015),
Dobromirtsi ophiolite (Bulgaria, González-Jiménez et al., 2015), SW
Anatolian ophiolites (Turkey, Akbulut et al., 2016), and the Tumut
ophiolite (southeast Australia, Belousova et al., 2015).
In general, UePb ages of zircon grains separated from ophiolitic
chromitites are older than the host ophiolite (Yamamoto et al.,
2013; Robinson et al., 2015; Akbulut et al., 2016; Belousova et al.,
2015; this study). Systematically, zircon grains documented in
ophiolitic chromitites mainly contain continental crust-derived
mineral inclusions (quartz, K-feldspar and biotite), by contrast,
Figure 7. BSE images of Proterozoic and Archean zircon grains from the chromitites of Potosí deposit, Moa-Baracoa Ophiolitic Massif.
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have not been identiﬁed (Yamamoto et al., 2013; Robinson et al.,
2015; Figs. 6 and 7 in this study).
The morphology of zircon crystals from ophiolitic chromitites
varies from euhedral to subhedral and well-rounded. Some grains
show oscillatory zoning parallel to external faces of the crystal
(Savelieva et al., 2007; Yamamoto et al., 2013; Robinson et al., 2015;
Fig. 4 in this study). However, many zircon grains occur as sub-
angular to rounded grains suggesting a detrital history (Yamamoto
et al., 2013; Robinson et al., 2015; Belousova et al., 2015; Grifﬁn
et al., 2016; Fig. 7 in this study).
Available studies reveal that zircon grains from ophiolitic
mantle chromitites show a relatively restricted range of Hf isotope
compositions. 376  7 Ma euhedral zircon grains from Tibetan
chromitites have εHf(t) of 8.5  5.4 (McGowan et al., 2015). Two
subhedral xenocrystic zircon grains (2257e1952 Ma) from Dobro-
mirtsi chromitites have εHf(t) ¼ 4.4 to þ3.6 (González-Jiménez
et al., 2015). Seven rounded zircon grains (593e2289 Ma) recov-
ered from Tumut ophiolite chromitites have εHf(t) values
between 6 and þ6.8 (Belousova et al., 2015). In contrast, zircon
grains (99e2750 Ma) from eastern Cuba chromitites show a sig-
niﬁcant range in εHf(t) values (26 to þ13.5).Previous studies have concluded that there is no correlation
between age and morphology or internal structure (e.g., Yamamoto
et al., 2013; Robinson et al., 2015). However, in general our results
indicate that the younger zircon grains are mainly euhedral to
subhedral crystals (Figs. 4e6), whereas older zircon grains are
predominantly rounded grains (Fig. 7). Furthermore, the presence
of euhedral zircon grains with pronounced oscillatory zoning did
not crystallize from the magma that formed the chromitite bodies
as they contain abundant inclusions of crustal minerals and clearly
are xenocrysts (Fig. 6).5.3. Provenance of inherited zircon grains
The LA-MC-ICPMS and SHRIMP analyses of zircon grains
extracted from chromitite bodies of the Mayarí-Baracoa Ophiolite
in eastern Cuba show a wide variation of ages and Hf-isotopic
composition that broadly coincides with that found in inherited
zircon grains of crustal origin in the Cretaceous Volcanic Arc and
ophiolitic rocks of Cuba (Figs. 8 and 9; Rojas-Agramonte et al.,
2016). These authors concluded that these zircon grains are xen-
ocrysts recycled through the upper mantle within the Cretaceous
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Figure 8. (a) Probability density plot showing U/Pb zircon ages of chromitites from
Mayarí-Baracoa Ophiolitic Belt, eastern Cuba. (b) U/Pb ages of inherited zircon grains
from the Cretaceous Volcanic Arc and ophiolitic rocks of Cuba (Rojas-Agramonte et al.,
2016).
J.A. Proenza et al. / Geoscience Frontiers 9 (2018) 1921e19361932nearby exposed crustal terranes of northern South America and
Central and North America (i.e., Chortis, Maya blocks and Mexican
Terranes; Figs. 8e10).
The major population of zircon grains with
PermianeCarboniferous ages in eastern Cuba chromitite samples
could have been derived from Late CarboniferousePermianFigure 9. Plot of εHf versus crystallization age for magmatic and inherited zircon grains o
zircon ages of inherited zircon grains from the Cretaceous Volcanic Arc and ophiolitic rocks o
Cretaceous Caribbean arc system (Rojas-Agramonte et al., 2016).plutonic rocks of the southwestern Mexico and Colombian Carib-
bean terranes, associated with a continental arc formed at the
proto-Paciﬁc margin (e.g., Keppie et al., 2004; Nance et al., 2006;
Cardona et al., 2010; Leal-Mejía et al., 2011; Kirsch et al., 2012;
Ortega-Obregón et al., 2014; Centeno et al., 2017). Derivation
from the so-called East Mexico Arc in southernMexico is supported
by the predominant occurrence of zircon grains with ages from 287
to 311 Ma (Figs. 8 and 9). According to Kirsch et al. (2012), this
magmatic continental arc includes deformed intrusive bodies
(tonalite, diorite, granite, granodiorite, monzogranite, and subor-
dinate hornblende-rich gabbro) with ages between ca. 280 and ca.
310 Ma. These intrusive bodies were rapidly exhumed to the sur-
face by the end of Early Permian time (Kirsch et al., 2013). In the
Colombian Andes, Late CarboniferousePermian arc magmatism has
been dated at 330e310 Ma (El Brage sector; Leal-Mejía et al., 2011),
275e260 Ma (Central Cordillera; Leal-Mejía et al., 2011), and
288e265 Ma (Santa Marta region; Cardona et al., 2010).
The Neoproterozoic inherited ages (55415Ma to 898 11Ma,
Panafrican/Braziliano) can possibly be related to terranes similar to
those of southern Mexico (Talavera-Mendoza et al., 2005; Ortega-
Obregón et al., 2014; Solari et al., 2014) and the palaeo-Paciﬁc
margin of the Gondwana supercontinent (Kemp et al., 2007). Ac-
cording to Rojas-Agramonte et al. (2016), Paleoproterozoic
(1867  29 Ma to 2126  27 Ma) and Neoarchean (2750  30 Ma)
populations are mostly derived from “proto-Oaxaquia” terranes in
SW Mexico (Weber and Schulze, 2014) and the palaeo-Paciﬁc
margin of the Gondwana supercontinent (Kemp et al., 2007).5.4. Tectonic model
The evidence presented here indicates that the mantle wedge
beneath the Early Cretaceous Antilles volcanic arc contained sub-
ducted continental-derived zircon grains. However, how can these
xenocrystic zircon grains can be transported and recycled into the
shallow oceanic mantle? The origin of zircon grains, and other
exotic minerals of typical crustal origin, in ophiolitic mantlef chromitites from Mayarí-Baracoa Ophiolitic Belt, eastern Cuba. For comparison U/Pb
f Cuba; and sources of old detrital zircon in oceanic sediments entering trenches of the
Figure 10. (a) Early Cretaceous geodynamic reconstruction of the Caribbean region (after Pindell and Kennan, 2009; Pindell et al., 2012; Boschman et al., 2014) showing ﬂow of
eroded North and South America detrital material towards basins (after Rojas-Agramonte et al., 2016) and of cross-section in Fig. 10b. (b) Numerical thermal-chemical model of
ocean-ocean subduction of young (hot) oceanic lithosphere (age 10 million years; initial convergence rate of 4 cm/year) after Blanco-Quintero et al. (2011a). See text for explanation.
J.A. Proenza et al. / Geoscience Frontiers 9 (2018) 1921e1936 1933
J.A. Proenza et al. / Geoscience Frontiers 9 (2018) 1921e19361934chromitites remains a hotly debated topic (Yamamoto et al., 2013;
Zhou et al., 2014; Yang et al., 2014, 2015; Robinson et al., 2015;
McGowan et al., 2015; Grifﬁn et al., 2016). In general, models can
be grouped into two broad categories: (1) transport of crustal
material into the deep mantle (>420 km) by previous subduction
processes, and zircon entrapment by a mantle plume (Yang et al.,
2014, 2015); and (2) physical incorporation of zircon and other
crustal minerals into the suprasubduction mantle wedge via sub-
duction of oceanic crust, and later entrapment during formation of
chromitite at low pressures in the shallow mantle (e.g., Zhou et al.,
2014; Robinson et al., 2015).
In Fig. 10 the occurrence of crustally-derived xenocrystic zircon
in mantle-hosted ophiolitic chromitites of eastern Cuba is
conceptualized within the current models of plate tectonic evolu-
tion of the Caribbean region (Pindell et al., 2012; Boschman et al.,
2014). Cretaceous spreading of the Proto-Caribbean ocean (con-
nected with the central Atlantic) separated North and South
America, while subduction of the young hot Proto-Caribbean lith-
osphere in the leading edge of the Farallon/Caribbean plate started
in the Early Cretaceous (Rojas-Agramonte et al., 2011). The Moa
ophiolite in eastern Cuba formed in the ﬁrst 10e15 Ma after sub-
duction initiation (Rojas-Agramonte et al., 2016; see also Lázaro
et al., 2016; Torró et al., 2016, 2017) in a supra-subduction envi-
ronment (Proenza et al., 1999, 2006; Gervilla et al., 2005; Marchesi
et al., 2006, 2007), while ridge subduction formed partially-melted
metabasaltic crust of the Sierra del Convento and La Corea mél-
anges (Garcia-Casco et al., 2006, 2008b; Lázaro et al., 2009; Blanco-
Quintero et al., 2010, 2011a, b) interpreted as an aborted thermal-
chemical cold plume formed at shallow depth (ca. 50 km, Blanco-
Quintero et al., 2011a). An active partially molten thermal-
chemical plume originating at greater depth from the subducted
slab is indicated (Fig. 10). This cold plume comprises partially
molten hydrated peridotite, dry solid mantle, and subducted
oceanic crust (Gerya and Yuen, 2003; Gorczyk et al., 2007; Blanco-
Quintero et al., 2011a), which may bear continental and juvenile
detrital sediments derived from North and South America and
containing zircon grains deposited in the Proto-Caribbean basin
(Rojas-Agramonte et al., 2016; Torró et al., 2018). Ascent of these
plumes from >100 km depth brings asthenospheric and litho-
spheric mantle and subducted crustal material to shallow mantle
depths, contributing to arc magmatism (e.g., Castro et al., 2010) and
the mineralogical/lithological heterogeneity of mantle wedges,
including podiform chromitite-dunite bodies (Yamamoto et al.,
2013; Zhou et al., 2014; Yang et al., 2014, 2015; Robinson et al.,
2015; Grifﬁn et al., 2016; González-Jiménez et al., 2017b).
6. Conclusions
(1) Zircon grains from chromitites in eastern Cuba ophiolites
contain crustally-derived mineral inclusions (quartz, K-feld-
spar and biotite), but no inclusions of mantle minerals (olivine,
orthopyroxene, clinopyroxene, Cr-spinel).
(2) Younger zircon grains are mainly euhedral to subhedral crys-
tals, whereas older zircon grains are predominantly rounded
grains. Most of the inherited zircon grains from the three
chromitite bodies have negative εHf(t), suggesting their
possible derivation from old continental crust and variably
contaminated upper mantle source regions.
(3) Chromitite zircon grains are subducted detrital material
incorporated into the mantle wedge beneath the Greater
Antilles volcanic arc; they ultimately were derived from nearby
exposed crustal terranes of northern part of South America and
Mexico (i.e., Chortis, Maya blocks and Mexican terranes).
(4) Cold plumes offer a convincing explanation by which ancient
zircon xenocrysts with a wide spectrum of ages and Hf isotopiccompositions can be transferred to the mantle wedge above
subducting slabs.
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